Introduction
Based on 2005 data, approximately 9 million platelet concentrates (PCs) units were transfused in the United States. 1 The PCs have to be stored at 22 ± 2 C to preserve their function and survival, because they are extremely easy to be contaminated with bacteria. An estimated one in 1000 -3000 platelet units were contaminated with bacteria; about 1 in 10 to 2 in 5 of these contaminated PCs would result in transfusion-associated sepsis. 2 After becoming aware of the high risk of the bacterial contamination of platelets, the American Association of Blood Banks (AABB) has required all members of this organization to implement measures to detect and limit bacterial contamination in all platelet components since 2004.
The basic methods for detecting the bacterial contamination of platelets now used are cultivation methods, which reveal bacterial growth by measuring the generation of carbon dioxide or the reduction of oxygen content. 3 However, these are time consuming and their false-positive rates are relatively high. Another bacterial contamination screening method is the detection of bacterial 16S rDNA by a polymerase chain reaction (PCR), 4, 5 which was proved to be sensitive enough to test PCs after an initial delay to allow bacterial growth. Moreover, the lasting time for the later is within 4 h, relatively faster than the cultivation methods, though they require complex operation, and usually yield a high rate of false-positive results due to the contamination of PCR reagents. 6 The lateral-flow dipstick (LFD) technology has been widely used in the point-of-care devices for medical diagnostics. 7, 8 Recently, several studies have been conducted to apply this method to detect specific nucleic acid fragments. 9, 10 During the assay, genes were first amplified by PCR, and then hybridized by a set of probes that were specific to the conserved region of the target.
Colloidal gold-labelled avidin and specific anti-FITC (fluorescein isothiocyanate) antibodies immobilized on the LFD nitrocellulose membrane then captured a probeamplicon complex, and subsequently a visible red line was formed on the membrane.
The aim of this study is to develop a new kind of rapid detection method based on the PCR reaction coupled with nucleic acid LFD to detect the bacterial contamination of platelets. A set of board-range primers will specifically amplify the conserved region of the bacteria 16S rDNA, and the amplicons will be detected by LFD to give visible results without the need of electrophoresis analysis. In our opinion, this LFD assay provides multiple advantages over traditional agarose gel electrophoresis (AGE) methods, such as being rapid, sensitive, easy to operate and enabling sequence-specific detection.
In the present study, we aimed to develop a nucleic acid lateral-flow method for the rapid and sensitive detection of multiple bacteria that contaminate platelet concentrations (PCs). Polymerase chain reaction (PCR) amplicons were produced by a set of board-range primers that recognize the conserved region of bacteria 16S rDNA, followed by hybridization with both an FITC (fluorescein isothiocyanate)-labelled probe and biotin-labelled probe, and then a nucleic acid lateral-flow dipstick (LFD) assay. The LFD accurately identified 7 species of bacteria, but had no cross-reactivity with human genomic DNA. The limit of detection (LOD) of the LFD assay was as low as 10 1 copies/μL of 16S rDNA for plasmid. In the case of spiked PCs without enrichment, the detection limit of LFD for K. pneumonia was 5 CFU/mL, 6.5 × 10 4 CFU/mL for the S. epidermidis and 35 CFU/mL for P. aeruginosa. 
Bacterial strains and DNA isolation
Pseudomonas aeruginosa CMCC 10201, Staphylococcus aureus CMCC 26071, Staphylococcus epidermidis CMCC 26069, Klebsiella pneumonia CMCC 46117, Escherichia coli CMCC 44829, Serratia marcescens CMCC 41003, and Bacillus cereus CMCC 63304 were purchased from the National Center for Medical Culture Collections. All Pseudomonas, Staphylococcus, Klebsiella, Escherichia, Serratia, and Bacillus species were grown overnight in a Luria-Burtani (LB) broth 11 at 37 C in a shaking incubator. Genomic DNA was isolated by the Chelex-100 method. After the bacterial culture (200 μL) was centrifuged at 12000g for 5 min, we carefully discarded the supernatant and resuspended the cell pellet in a 25-μL Chelex-100 solution (5% w/w). This mixture was incubated at 56 C for 30 min, and after being briefly mixed on a vortex, it was incubated at 100 C for 10 min, and then centrifuged at 12000g for 5 min. The supernatant was transferred to a sterile tube and stored at -20 C until use.
PCR primers
The sequences for the conserve regions of bacteria 16S rDNA were retrieved from the NCBI database. Specific probes were designed using DNA-STAR software (DNA STAR, Inc., Madison, USA), and the primers were designed according to published reports. 12 The final set included forward primer (FP), a backward primer (BP), a biotin labelled probe and an FITC labelled probe (Table 1) .
PCR amplification and nucleic acid lateral-flow assay
The PCR assay was carried out in a total of 25 μL volume containing 10 pmol each of the primers (FP and BP), 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 0.2 mM (each) dNTP, 0.625 U rTaq DNA polymerase, and template DNA. The amplification conditions included initial incubation at 94 C for 5 min, followed by 30 cycles of 94 C for 30 s, 60 C for 30 s, and 72 C for 50 s. The PCR products (12.5 μL) were analyzed by 1.5% AGE and LFD. For the LFD assay, 4 nM of biotin-probe and 4 nM of FITC-probe were added into the PCR product (12.5 μL), and then the mixture was further incubated at 95 C for 5 min. After the mixture was cooled naturally, 100 μL of an assay buffer was added, and the LFD strip was dipped into this mixture for approximately 5 min for detection of the amplicon-probe hybrid.
Specificity test
To verify the specificity of the bacteria detection by LFD, DNA templates extracted from P. aeruginosa, S. aureus, S. epidermidis, K. pneumonia, E. coli, S. marcescens, and B. cereus and Hela genomic DNA were used as templates for PCR.
Sensitivity study
To compare the sensitivity between the detection limit of AGE and LFD, a standard plasmid, pAS16 which contains only one copy of E. coli 16S rDNA, was constructed. The concentration of the purified plasmid DNA was measured by spectrophotometry, and the corresponding copy numbers were calculated. Then, 10-fold serial dilutions of standard plasmid DNA were used as templates for PCR. The PCR procedure was carried out as previously described in PCR amplification and nucleic acid lateral-flow assay section. The PCR production was divided into two aliquots. One aliquot was subjected to an LFD assay. For a comparison, the remaining one aliquot was analyzed by an AGE assay.
Spiking study
To determine the sensitivity of the LFD, DNA extracted from simulated samples were used as templates for PCR. The simulated samples of bacterial contaminate PCs were made by inoculating the K. pneumonia strain, S. epidermidis strain, and P. aeruginosa strain into the PCs. Then, the PCs were diluted in a 10-fold dilution series with sterile PCs. To quantitate the exact clonal formation unit (CFU) of the samples, 200 μL of 10-fold serial dilutions of PCs samples were plated onto Columbia with sheep blood agar and incubated at 37 C overnight; meanwhile, DNA of the same volume of samples was extracted by the Chelex-100 method, which is described in Bacterial strains and the DNA isolation section.
Results and Discussion

Principle of the lateral-flow assay
Since the 16S rDNA is the most conserved region of bacteria genomic DNA, nearly all of the bacteria 16S rDNA could be detected by a set of universal primers and probes. Based on this theory, we designed two universal probes respectively labelled by FITC and biotin, which can hybridize with the amplicons. Then, the detection of nucleic acid amplicions was transformed to immunological detection.
As shown in Fig. 1 , in the process after the PCR reaction, the amplicons were first denatured and annealed with both the FITC labelled probes and the biotin labelled probes. After loading the complexes on a strip, after running through the strip, the avidin labelled complex was trapped by the anti-FITC antibody on the test line, and then a visible red line was formed on the membrane. The excess colloidal gold-labelled avidins accumulated along the control line, indicating that the test was valid.
Specificity for bacteria detection by LFD
To determine the specificity of the LFD assay for the detection of the bacteria in PCs, various bacterial genomic DNA and human genomic DNA were studied. As shown in Fig. 2 , PCR products were detected for all seven kinds of bacteria, while no amplicon was found by using human genomic DNA as a template. All of the results of the LFD assay coincided with that of AGE. The use of detection probes insured that this assay had no cross-reactivity with human genomic DNA, providing a good specificity character, which is required for diagnostic accuracy.
Sensitivity of LFD
The results showed that the sensitivity of the AGE assay was equal to that of the LFD assay, and could detect 16S rDNA up to 10 1 copies (Fig. 3) . When compared with the traditional AGE assay, the LFD also has some advantages, such as it required no need for hazardous reagents to make the PCR products visible; all of the equipments it needed were portable. After the specificity and high sensitivity had been confirmed, we next aimed to apply the present method to bacteria detection in spiked PCs.
Sensitivity for bacteria detection by LFD
To determine the sensitivity of LFD methods, the DNA templates extracted from spiked PCs samples were used in the PCR reaction. Based on the CFU counted on the Columbia with sheep blood agar, the detection limit of LFD in PCs for the K. pneumonia was 5 CFU/mL, 6.5 × 10 4 CFU/mL for the S. epidermidis and 7 × 10 3 CFU/mL for P. aeruginosa (Fig. 4) . Actually, in pioneer studies focusing on the bacteria detection in PCs with the qPCR method based on 16S rDNA, the majority of the LOD was between 10 3 and 10 4 CFU/mL. [13] [14] [15] In other words, the above results had proved that the LOD of the LFD method was at least as low as those that qPCR studies reached. The difference of the detection limit between the three strains may have been caused by the Chelex-100 method, which probably had a low extraction efficiency toward Gram-positive bacteria. However, the results in the present study were just obtained from the spiked model, which could not be directly deduced to the real bacterial contaminations in PCs. This is because the impurities that exist in real bacterial contaminated PCs may have great influence on the PCR efficiency, and further effect the detection limit.
Since the qPCR has high sensitivity, many studies have focused on applying this method to the detection of bacterial contamination of platelets. Yanling et al.
14 used the qPCR to amplify the conserved region of bacterial 16S rDNA to detect bacteria in blood products, and obtained a sensitivity of 10 3 CFU/mL. Rood et al. 16 has used the RT-PCR method to detect eubacterial RNA, which improved the sensitivity of the PCR assay by at least 10-fold. Although qPCR can easily quantify the exact number and identify the species of bacteria by these techniques, these abilities are not necessary. This is not only due to the expensive equipment and skilled workers it requires, but also for the zero-tolerance policy to the bacterial-contaminated PCs. Besides, the qPCR usually yield a high rate of false-positive results due to the contamination of PCR reagents. Thus, the combination between the routine PCR and the LFD assay overcomes one of the major shortcomings when using the PCR in comparison with the qPCR, in that the products of PCR cannot be conveniently visualized.
The BacT/ALERT system is now the most commonly adopted method in clinics to test PCs sterility, due to its high sensitivity. However, it also has some shortcomings: (a) it may delay the use of platelets because the sampling has to be preformed 24 h later than the collection, and then another 24 h incubation time is required to get a result; (b) its false-positive rate is relatively high because of the complex operations. Both of these two shortcomings would cause a huge loss to the medical resource and the economy. Thus, the development of a rapid and easy to operate method is an urgent need from both medical and economic points of view.
Based on our results, the total analysis time of LFD is only about 2 h, which is much faster than that of the BacT/ALERT system, and as fast as the qPCR does, but the operation of LFD is much easier. All of these advantages make the LFD more suitable for field applications.
Conclusions
In this study, a novel, universal and sensitive nucleic acid lateral-flow based method was developed and applied for the rapid detection of multiple bacteria that contaminate PCs. The application of two universal probes, which were respectively labelled by FITC and biotin, transformed the detection of invisible nucleic acid amplicons to immunological detection on a lateral flow strip. The LFD could accurately identify at least 7 species of bacteria, but had no cross-reactivity with human genomic DNA, the LOD of which was as low as 10 1 copies/μL for plasmid, and 5, 6.5 × 10 4 and 35 CFU/mL for K. pneumonia, S. epidermidis, and P. aeruginosa in a spiked model, respectively. The total analysis time of this method is only about 2 h from DNA extraction to the signal observation; this is probably the most rapid nucleic acid-based method to test PCs sterility. Therefore, LFD using board-range primers and probes is a universal, rapid, specific and sensitive method for the detection of bacterial contamination of PCs. This method would thus exhibit a perfect application prospect in the future, because it probably meets most of the critical requirements for blood component bacterial detection, such as broad-range detection, rapid results, ease of use and small sample size.
